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By John F. Garren, Jr., James R. Kelly,
and John P. Reeder
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SUMMARY

A flight investigation utilizing a variable-stability helicopter was con-
ducted in order to determine the effects of gross changes in static directional
stability on V/STOL handling qualities and on requirements for directional sen-
sitivity and damping during low-speed operation. Tasks under both simulated
instrument and visual conditions were used for evaluation of the handling char-
acteristics provided by various combinations of static directional stability,
directional sensitivity and damping, and dihedral effect.

The results indicate that increases in static directional stability, when
accompanied by appropriate increases in directional damping, yield improved
handling qualities. Minimum satisfactgry levels of directional sensitivity and
damping correspond to current crit

INTRODUCTION

The full potential of V/STOL aircraft cannot be realized until routine
coperation at low forward speeds can be achieved under instrument flight rules
(IFR), as well as under visual flight rules (VFR). Low-speed capability is
essential to the execution of steep approaches from consideration of both rate-
of-descent limitations and ground-run distances following landing. The rapid
deterioration in handling qualities as operating speeds are reduced necessitates
definition of the problems involved.

The purpose of the present investigetion was to determine the effects of
gross changes in static directional stability on handling quelities, as well as
on requirements for directional sensitivity and damping. (The term "sensitivity"
as used herein is defined as initial angular acceleration per unit control input;
this usage is in conformity with the usage of reference 1 and replaces the term
"ratio of control power to inertia" used in refs. 2 and 3.) Current criteria
with respect to sensitivity and demping (see ref. 2) are based on studies which
employed a helicopter with an inherently high level of static directional sta-
bility (ref. 3).




The current investigation employed a variable-stability helicopter with
which both instrument and visual flights were conducted. During the tests, pilot
ratings and comments and aircraft time histories were obtained for various com-
binations of static directional stability, directional sensitivity, directional
damping, and dihedral effect.

Three NASA research test pilots and one U.S. Army research pilot partici-
pated in the investigation.

SYMBOLS
M.x5 rolling moment per unit of stick deflection, lb-ft/in.
My rolling moment proportional to rolling velocity (stable when
D -
negative, thus damping in roll), _ib-ft
radian/sec
My rolling moment proportional to side component of velocity thus
v
1b-ft
dihedral effect (stable when negative
( & ) ft7sec
MZS yawing moment per unit pedal travel, lb-ft/in.
MZ yawing moment proportional to yawing velocity (stable when negative,
r thus damping in yaw), lb’f?
T . cec
MZB yawing moment proportional®® . ideslip angle (stable when
positive), 1b-ft
radian
s 1b-ft
MYB pitching moment per unit stick deflection, T
My pitching moment proportional to pitching velocity (stable when
4 negative, thus damping in pitch), —Lb-ft
radian/sec
Iy moment of inertia about the body X~axis, slug-ft2
Iy moment of inertia about the body Y-axis, slug-ft2
Iy moment of inertia about the body Z-axis, slug-ft2
itching moment proportional to f rd velocity component, Lioed
MYu P g propo o forward ve y ponent, Tt/sec




My pitching moment proportional to angle of attack, fe-1b

a radian
4 damping ratio defined as —f?élzé—
2 ]MZB [1z
P rolling angular velocity, radian/sec
ﬁ rolling angular acceleration, radian/sec2
r yawing angular velocity, radian/sec
r yawing angular acceleration, radian/sec2
B angle of sideslip, radian
B time rate of change of sideslip angle, radian/sec
By lateral stick deflection, in.
SZ pedal deflection, in.
v resultant velocity, ft/sec
v side component of velocity, ft/sec

EQUIPMENT AND SIMULATION TECHNIGUE

The variable-stability helicopter, shown in figure 1, was employed in the
simulation. A detalled description of the variable-stability system and the
computer-model simulation technique is given in reference L.

The function of analog computing equipment, into which the simulated
dynamics are programed, is illustrated in figure 2. The followlng equations,
which were programed into the computer, defined the directional and lateral
dynamics:
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Figure 1l.- Variable-stability helicopter. 1~63-8407

DESCRIPTION OF TASKS

Instrument Flight Task

Hooded instrument approaches on a standard 3° instrument low-approach
system (ILAS) provided the primary task for evaluation of the aircraft handling
characteristics. The evaluation pilot took command of the aircraft 4 miles from
the runway threshold on a 90° heading with respect to the localizer. Upon
intercepting the localizer, the pilot turned inbound and held constant altitude
until interception of the glide slope. Beyond this point the pilot endeavored
to maintain a constant speed of 45 knots while keeping the localizer and glide
slope needles centered.



Visual Flight Task Moment due to sideslip

In order to test the gen- Helicopter yawing

Moment due fo velocit
erality of the aforementioned [ yawing velocity | y
instrument (IFR) results for T —— | _Model yawing Error
visual (VFR) conditions and veloctty *1ane

pedals
to provide a realistic task

which would define the direc-
tional control sensitivity Momen due to

i Model rolling Error
requirements more specifically, ——W::::::::AL/T velocity Q§>m@m j
the following VFR task was Moment due fo Helicopter rolling

selected. While holding a rolling velocity velociTy
speed of 30 to 35 knots, the Moment due to sideslip
evaluation pilot made descending
approaches on runway heading,
but with an intentional misa-
linement of about 300 feet. At
8 distance of 300 feet from the runway threshold the pilot commenced a rapid
S«turn meneuver so as to aline the aircraft with the runway center line.

Although an actual touchdown was not performed, the pilot executed all the maneu-
vers required for touchdown including elimination of crab angle.

0= VOO~ —® T

Figure 2.- Signal flow diagram of simulation.

RESULTS AND DISCUSSION

General

In general, a consideration of directional handling qualities must include
a knowledge of the lateral characteristics of the aircraft since coupling
generally exlsts between the lateral and directional axes. A normally desirable
aspect of the coupling which is produced by static directional stability is
that the aircraft heading tends to follow laterally initiated turns without the
use of pedals. The extent to which this turning response is achieved 1s a
function of the level of static directional stability and directional damping.
An undesirable aspect of the coupling that is produced by dihedral effect results
in excitation of the Dutch roll oscillatory mode for certain combinations of
directional and lateral characteristics.

In order to provide & summary of pertinent parameters for each axis, the
parameters and the ranges covered are indicated as follows:

Parameter Range
MZS/IZ P 30 M 2 I O I8
Mz Iz, = = s o s s s e e 08020
MZB/IZ e R s
MX&/IX T T 0.4
Mxp/Ix -1.5




Parameter Range

MXV/IX 0 and -0.01k4
MYB/IY e e e e s e e e e e e e e e e e e e e e e e e e e e 0.3
MYq/IY -4.0
MYu/IY S e s e e e e e e e e sttt s s s e e s e e s . . . Slightly stable
My /Ty -+ + + + + +«+ e+ s+ ... ..... Slightly stable

The directional handling characteristics provided by each combination of
parameters were rated by use of the pilot-rating system shown in table I and
described in reference 5.

Instrument Flight Results

Static _directional stability, damping, and sensitivity.- Although several
comblnations of static directional stability and damping were evaluated for

s 2
EEEE%EZESE—y it was readily appar-
ent that these variations in sensitivity had no significant effect on the overall
pilot rating except for low values of static stability. (The importance of sen-
sitivity will be made apparent, however, in a subsequent section.) At low static
stability some improvement was noted with increased sensitivity. In figure 3,
pilot-opinion boundaries are mapped for directional damping as a function of *
static directional stability. These bouFdaries were derived from analysis of

values of sensitivity ranging from 0.1 to 0.3

commentary and ratings assigned by the project pilot as presented in the appendix
in addition to results obtained from the/ other test subjects. These tests were

) My, radian/sec?
run at a moderately stable level of dihedral effect| — = -0.014 —mvnr~
Ix ft/sec

radian/sec?
and at a directional sensitivity of 0.2 — I which corresponds to the

minimum sensitivity requirement of reference 2.

For a nominal speed of 45 knots, figure 3 indicates that a minimum static

radian/sec2
stability of about 0.3 ——————— is required to provide satisfactory handling
radian
radian/sec2
characteristics. When the level of static stability was below 0.3 ————ET——————,
radian

the aircraft heading tended to wander aimlessly and required a deliberate effort
to execute coordinated heading corrections. It was for those low values of
static stability that the pilot appreciasted increased sensitivity to aid in
meking heading correction during the epproach. As the static stability and
damping were increased simultaneously along the line of "optimum ratio" (fig. 3),
the handling characteristics continued to improve. For combinations above the
optimum ratio line, the characteristics were downrated because of sluggishness
of the aircraft in following stick-initiated turns. Below the optimum ratio
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line, the characteristics deterio-
rated as a result of Dutch roll
oscillatory characteristics which
accompanied greatly reduced damping
values.

Analysis of the data indicates
that the optimum ratio line (fig. 3)
lies between damping ratio { val-
ues of 0.8 and 1.0 (on a single-
degree~of-freedom basis as opposed
to the coupled mode). In order to
iliustrate this trend further, pilot
ratings and damping ratios { are
plotted in figure 4. Damping ratios
for the uncoupled directional mode
were computed for test combinations
having a static stability equal to
radian/sec?

radian

The figure clearly indicates the
rate of improvement as critical
damping is approached (damping ratio
equal to unity). The single-degree~
of-freedom damping ratio is impor-
tant even in the presence of Dutch
roll coupling, apparently because
the pilot controls the aircraft so

or greater than 0.4
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Figure 4.- Effect of damping ratio on
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Figure 3.- Pilot rating boundaries of static
directional stability and directional damping
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(directional sensitivity = 0.2 r_a_i.%/&
radian 2
and dihedral effect = -0.0Ll radian/sec?
ft/sec

‘as to reduce the roll due to sideslip,
thus partially decoupling the Dutch
roll mode. Also, damping ratio is a
‘heasure of the aircraft response to
external disturbance in yaw.

Wind conditions encountered during
the testing included wind from all direc-
tions relative to the flight path and
ranged from 5 knots or less to 15 knots
with occasional gusts to 25 knots. The
high gust responsiveness associated with
high values of static stability did not
impair the pilot's ability to control
heading when sufficient damping was
present to provide a damping ratio of
0.6 or greater - a rough ride was the
only detrimental effect., For damping
ratios of 0.6 or greater and the type of
disturbances experienced, the gust pro-
duced only transient heading changes
which did not require corrective pilot




action since the aircraft would
return rapidly to its original
heading following a disturbance.

-2.0
Mxv =.0.014 rodian/sec’ / III

Dihedral effect.- A number of
test conditions were reevaluated with
zero dihedral effect to indicate its
effect on directional handling char-
acteristics. In figure 5, the bound-

radian/sec2
radian/sec

Iz

ary for a pilot rating of 3%- which

Inertia

was obtained at zero dihedral effect

Directional damping Mzr

is compared with the 5% boundary

which was obtained with high dihedral
- effect (from fig. 3). (For rating
ol system, see table I.) The results
o -5 1o indicate a general improvement with
radion/sec? reduced dihedral effect. Pilot
rodian comments attributed the improvement 1
to two factors: First, there was a
Figure 5.- Effect of dihedral on directional reduction in lateral disturbances
damping as a function of static stability which significantly reduced the pilot
boundaries for IFR operation. workload and secondly, the Dutch roll
tendency was completely eliminated,
so that lower directional damping
could be tolerated for a given amount of static stability. Although oscillatory
-characteristics about the yaw axis still existed for very low values of direc-
tional damping, the oscillations were léss objectionable because in the absence |
of dihedral effect, the oscillations were uncoupled from the roll axis so that i
turning of the flight path did not result; the oscillations were of longer period
and were better damped.

Static directional stability MzB

Inertia Iz

Compatibility of IFR Results for VFR Operation '

In order to determine the extent to which the IFR results were compatible
for VFR operation, selected combinations of static stability and damping were
reevaluated for the VFR task which is described in a preceding section. Inas-
much as initial results obtained for the VFR task indicated that dihedral effect
had a negligible influence on pilot rating for the VFR task, the level of dihe-
dral effect was subsequently held constant (at zero).

During the VFR testing, directional sensitivity emerged as a significant
parameter, as indicated by figure 6, which is a plot of pilot rating against
damping ratio for three values of sensitivity. The results presented in fig-
ure 6 were obtained in the presence of crosswinds of about 10 knots with gusts
to 15 knots. The figure indicates that a minimum directional sensitivity of

i 2
sbout 0.25 _di-_ni__

optimized values of static stability and damping. Pilot commentary indicated
that the required directional sensitivity was essentially independent of static
directional stability within the range investigated. This fact was apparently

8

is required to insure satisfactory control even with




due to conflicting requirements for sen-
sitivity. For high values of static
directional stability, the minimum sen-
sitivity was dictated by the amount
required to trim in a crosswind. When
the static directional stability was
reduced, a new requirement based on
maneuvering arose as a result of a
reduction in the inherent turn-following
characteristic. These requirements off-
set each other to the extent that the
resulting sensitivity requirement was
essentially independent of static sta-
bility for the range investigated.

The fact that the importance of
directional sensitivity was brought out
during VFR and not IFR flying reflects
the difference in the tasks used in this
investigation. For example, it was not
feasible to extend the instrument

Pilot rating

| +
2 SATISFACTORY
MZB radian/sec?
—_ 3 —
3179z in
2
4t /
L~ ™~ T—
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7
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o] 1.0 2.0
M 1
Damping ratio, ¢ = _______z'/ z
2 /MZB/IZ

Figure 6.- Effect of directional sensitivity

on directional handling characteristics
for VFR operation.

approach down to an actual landing on instruments. It should be assumed, how-
ever, that in practice the importance of achieving the minimum sensitivity indi-
cated would be greater for zero-visibility landings than for visual operation.

The lack of pilot appreciation for reduced levels of dihedral effect under
VFR conditions was attributed to the fact that, through the use of visual cues,
the pilot readily eliminated roll due to sideslip. This is contrary to the
results obtained for the IFR tasks where the pilot must deduce roll attitude and
sideslip condition from his instrumentation, thereby delaying corrective action.

A comparison of the results
obtained for the IFR and VFR tasks 1is
presented in figure 7, which is a replot
of the results presented in figures k4
and 6. The figure clearly illustrates
8 similar trend for both tasks. The
tendency of all the curves to peak near

the same value of damping ratio indicates

that the same combinations of static
stability and damping were found desir-
able for both tasks. Also, the lower
slopes obtained for the VFR curves than
for the IFR curve illustrate a well-
known fact, namely, that the pilot is
less .sensitive to changes in aircraft
stability under visual conditions. On
the basls of the results presented in

Pilot rating

IFR Tosk
— —-VFR Task

s, radian/sec?
iz - Ty SATISFACTORY

4 b 2
// \\

UNSATISFACTORY

UNACCEPTABLE

1 L ! 1 1 1 1 L 1 )
o 1.0 2.0

Mz, /12

Damping ratio, § =

Figure T7.- Comparison of IFR and VFR results.



this section, it appears reasonable to conclude that the results obtained under
IFR conditions are compatible for VFR operation.

CONCLUSIONS

Flight tests with a variable-stability helicopter were conducted at low
speeds (excluding hovering) in the presence of wind conditions ranging from calm
to modersately turbulent. The effects of gross changes in static directional
stability were evaluated for various combinations of directional sensitivity and
damping for both an IFR and a VFR task. On the basis of the results obtained
from this investigation, the following conclusions are drawn for the above
conditions:

1. Increases in static directional stability, when accompanied by appropri-
ate increases in directional damping, result in improved handling qualities. A

radian/sec?

radian
satisfactory control response for the parameters investigated.

minimum static directional stability of 0.3 is required to insure

2. Minimum satisfactory directional sensitivity and demping are in agreement
with current criteria.

3. For optimization of characteristics for a given amount of static direc-

radian/sec®

radian
damping should be provided to yield a damping ratio between 0.8 and unity.

tional stability |static stability above 0.3 , sufficient directional

4., For the instrument task, reductign of dihedral effect resulted in
improved lateral-directional handling qualities due to a reduction both in
external lateral disturbances and Dutch roll oscillatory tendencies; for the
visual task, the pilot was insensitive to changes in dihedral effect.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., June 19, 196k.
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APPENDIX

METHOD OF ANALYSIS USED FOR DEDUCING THE PILOT OPINION

BOUNDARIES OF FIGURE 3

The commentary and ratings assigned by the project pilot to each of the
test combinations indicated in figure 8 are presented in table II. The indi-

radian 2
cated ratings were obtained at a directional sensitivity of 0.2 —E;—?TZEES—
n.
radian/sec2
a dihedral effect of -0.01k4 ———;€7————— and provided the primary basis for fig-
/sec

ure 3 in the text. W \ ) ‘

In an effort to determine whether o €E§ <E> 639
a single parameter existed which could - £=120

be correlated with pilot ratings, var-
lous combinations of static directional
stability and directional damping were
combined into a single parsmeter and
plotted against pilot rating. Of all
the combinations tried, the only one
which appeared to yield any correlation

radian/sec

Directional damping , MZr radian/sec?
1
[«]
T

z
T
(=)

>

Mz../[1z g |
was given by the relation L——El——)—

MZB/IZ . L
which is recognized as merely U4t?2 i <i>
where { represents the commonly /E\ /2\
defined damping ratio. A plot of pilote P U I N A—
;it;:?guigaingg dami)ing g?tio 1s shown Static directional stability, MZB . radian/sec?

r values T
Inertia Iz radian
MZB _ radian/sec®
~— $ 0.4 —————_ (for values of )
IZ radian Figure 8.- Correlation of pilot ratings for vari-
. . ous combinations of static directional stabil-

static directional stability appreciably ity end directional damping with demping ratio
below this value, the damping ratio values from figure 4. (See tables I and II.)

appears to have no bearing on handling

qualities). It is apparent from inspection of figure 4 that a fairly well-defined
relationship exists between pilot rating and damping ratio for the range of param-
eters under consideration. From figure 4, therefore, it appears reasonable that
combinations of static directional stability and damping which yield a damping

ratio of about 0.65 should correspond to a pilot rating of 3%. Similarly, the

other half of the 5% boundary should be represented approximately by a damping
ratio of 1.2.
In figure 8 are shown the pilot ratings for various combinations of direc-

tional damping and static directional stability in addition to lines of constant
damping ratio for £ = 1.20 and ¢ = 0.65. This figure indicates the extent to

11




which constant damping ratio lines correlate the existing data points and also
implies the extent to which lines of constant damping ratio may be relied upon
for extrapolation of pilot-rating boundaries into untested areas. On the basis

of the preceding considerations, the pilot-opinion boundaries of figure 3 were
mepped.
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